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An overview of RF systems for linacs is given, problems associated
with beam loading are discussed and examples of RF system
installations presented.
1 . RF POWER REQUIREMENTS
In linear accelerators the beam has to gain its energy during a single pass through the
structure.  This leads to high requirements on accelerating fields and on overall RF power.  A
typical linac has therefore installed RF power in the range of tens to hundreds of Megawatts.  It
is then justified to consider linacs as RF-oriented machines, in contrast to circular accelerators
which are rather magnet-oriented.
In the present context the RF system proper starts at the RF connection to the structure.
The latter can be of the standing- or travelling-wave type, but whatever the mechanisms of
power build-up and energy transfer to the beam may be there are two distinct requirements to be
covered:  delivering power to create and maintain a well defined field pattern in the structure
(wall power Pwall), and replacing the power transmitted to the particle beam (beam power
Pbeam), i.e.
PRF = Pwall + Pbeam
All wall losses can be thought of as concentrated in a single resistor, the "shunt impedance" r
defined as
  r = Uge
2 / 2 * Pwall( )
where Uge is the effective structure voltage seen by a beam of given velocity, i.e. taking into
account the transit time factor T that expresses the voltage reduction due to the sinusoidal field
variation during beam-passage time.  This is the "equivalent circuit" definition of the shunt
impedance hence the factor of 2 in the denominator which stems from the fact that the power
generated by a sinusoidal RF voltage is a factor of two smaller than the power generated by
DC.  
On the other hand, the beam power is given by
Pbeam = Uacc * I1 / 2
Uacc = Uge *  cos ϕ
where Uacc is the average energy gain of the beam expressed in eV, ϕ  the stable phase angle
and I1 the spectral component of the beam current at the RF frequency.  For short bunches this
component is close to twice the DC current I0 so that the beam power is approximately Uacc*I0.
Note that there is no third component representing additional losses caused by
transporting the beam power through the structure.  This is due to the fact that it rides on top of
the very large reactive energy flows related with the fields so that the additional transport losses
can be neglected for all practical purposes.
2 . BEAM LOADING
To study the effects of  beam-structure interaction from the external RF system point of
view the equivalent circuit of Fig. 1 below is often used, idealizing the structure as a resonator
with a single accelerating gap across which the full effective gap voltage Uge is applied.  This
resonator is driven by two sources, namely the RF system and the beam, which are supposed
to act all directly on the gap plane.  While this model is a fairly accurate representation of a
simple buncher or even a complete standing wave tank it is not directly applicable to standing-
wave structures.
Fig. 1  Equivalent circuit of the cavity (single-gap resonator)
The corresponding phasor diagram is given in Fig. 2 for a data set corresponding
approximately to the conditions of Tank 1 at the CERN linac 2.  As phase reference the
effective gap voltage has been chosen and positioned at 0˚ in the first quadrant.  For phase
stability reasons the center of the bunch crosses the midplane of the accelerating gap(s) not at
the instant of maximum voltage Uge but at some time before.  This time corresponds to the
"stable-phase angle" ϕ  of the RF, whose value according to the "linac" definition which counts
this phase from the top amounts to -30˚ in the example.  (The beam current is situated in the
third quadrant due to the sign convention in the diagram defining it as a generator rather than a
load.)
According to Kirchhoff's first law, the current to be fed by the RF amplifier is
Iamp = Icav − Ibeam = Iloss + Ireact − Ibeam
where Iloss stands for the loss current (in phase with the voltage causing driving wall losses)
and Ireact the reactive current of the cavity (orthogonal to voltage causing lossless reactive
power exchange).  This is represented by the phasor triangle in the fourth quadrant.  Since the
amplifier requires a resistive load for optimal working conditions, the cavity is intentionally
detuned to provide a reactive component that just cancels the reactive component of the beam
current.  This sets the necessary angle of detuning (47.3˚ in the example, i.e. slightly higher
than one half-bandwidth).
Now that the complex impedance of the detuned resonator is determined one can also, as
an alternative, analyze the circuit by superposition of the voltages.  Responses of the resonator
to the amplifier current alone (Uamp) and to the beam current alone (Ubeam) are combined to
give again the effective gap voltage Uge as shown by the phasors in the first quadrant.  (It is
assumed here for simplicity that the generator is of infinite output impedance, i.e. that it acts as
an ideal current source.)
It can be seen that the amplifier with unchanged drive would induce, in the absence of the
beam, a resonator voltage Uamp that is grossly out of amplitude and out of phase.  After the
beam has arrived the resonator voltage would only gradually approach the wanted voltage Uge
in a (spiral) trajectory that takes several cavity time constants to complete.  During this transient
the beam would not receive the proper energy gain and be useless.
Fig. 2  Phasor diagram for the cavity
What is needed is some circuitry that would:
– change the amplifier drive in amplitude and in phase such that it results in Icav before the
beam arrives and in Iamp thereafter,
– set a cavity tuning angle that compensates the reactive part of the beam current.
These tasks are normally covered by three different regulation systems or servos,  namely for
amplitude, phase and tuning.  Combining amplitude and phase servos by a single overall RF
feedback is in principle possible (and applied in circular accelerators) but has not yet found
wide application in linacs.
3 . ANATOMY OF A FULLY REGULATED RF CHAIN
Figure 3 shows a block diagram of the Tank 1 RF chain in CERN linac 2 as an
illustration of how the three servos mentioned above can be integrated into the system.
Fig. 3  Block diagram of a fully regulated RF chain
3 . 1 Forward RF path (bold lines in Fig. 3)
A low-level RF signal of about 2 W arrives at the input plane with a well-defined phase
from the phase reference line.  The signal then travels through the detector box, 6-bit phase
shifter, phase and amplitude modulator, is gradually amplified in the transistor amplifier, power
amplifier, drive amplifier and final amplifier before arriving at the feeder loop of the resonator at
sufficiently high power to cover tank requirements.  Somewhere in the forward RF path there
have to be means to adjust output phase and amplitude at high speed in response to the electrical
correcting signals out of the servos.  This is straightforward for the phase which is in general
well transmitted through almost any amplifier chain so that a low-level phase shifter can be used
at the input.  However, the amplitude modulation is quite critical since most high power
amplifiers exhibit some kind of saturation and over saturation, where the RF output stalls or
even decreases for increased drive.  In the present case these adverse effects are avoided by a
special current stabilisation in the final amplifiers so that the amplitude modulator can be
implemented as a low-level device at the input of the chain.  In other machines the amplitude
linearity problem is solved by controlling the RF output amplitude via the plate supply voltage
using a high-voltage floating modulator with one or more series tubes.
3 . 2 Amplitude and phase servo
A sample of the tank RF field is taken from the tank via a coupling loop, cleaned in a
bandpass filter and routed to the detector box (–  –  lines in Fig. 3).  It carries information on
tank amplitude as well as tank phase.  Both are demodulated in the detector box and appear at
the output in the form of video signals (D A (amplitude) and D ϕ  (phase with respect to the input
plane)).  In the feedback control module they are compared to the command value ATANK for
tank amplitude generated in the control system, and to 0 as implied command value for the tank
phase.  The resulting error signals are amplified and fed to the amplitude and phase modulator,
thus closing the loop.
For constant beam current the amplitudes of the error signals are predictable so that
computer-generated "feedforward" signals can be injected for open-loop correction.  This can
also reduce the transient at the start of the beam.  Inputs for such feed-forward signals are
provided at the feedback control, but not used in normal operation.  The absolute phase of the
tank with respect to the input plane is stabilized to some value that depends on the phasing
between cavity and detector box.  Phase adjustment could be implemented by an adjustable
phase shifter in this line, but the unavoidable mismatches would also produce unwanted
amplitude variation at the same time.  It is therefore preferable to set the operating phase by #1
in the reference signal phase feeding the chain.  A motor-driven line stretcher "trombone" with a
resolution of 0.25 degrees is foreseen for this purpose.
The 6-bit digital phase shifter #2 is provided to center the initial phase of the main signal
path within the limited operating range of the fast phase modulator.
3 . 3 Tuning servo
To sense the tuning state of the resonator the phase of the voltage across its gap(s) has to
be compared with the phase of the forward wave in the feeder line.  This information is
extracted by a directional coupler and fed via a low-pass filter and 6-bit phase shifter #2 to the
detector box where information on resonator phase is already available.  An error signal is
generated and fed to the tuning control, which in turn actuates the tuner motors if the tuning
state is outside an adjustable error band.  Phase shifter #3 allows setting  of the tuning angle in
5.6˚ steps to optimize the power transfer between amplifier and cavity;  it has virtually NO
influence on the phase seen by the beam due to the action of the phase servo.
4 . OVERALL STRUCTURE OF THE RF SYSTEM
A linac RF system consists in general of many independent RF chains for a number of
reasons: accelerating tanks cannot exceed a certain length to avoid beam-breakup;  power
amplifiers cannot exceed practical power limits;  different functions like bunching, debunching
and diagnostics require independent settings;  different harmonic numbers in the structure
require amplifiers of different frequency, etc.
The individual RF chains have to be linked together with constant phase-relationship that
should be unaffected by manipulations on any of its members.  This is achieved by a phase
reference line whose outputs are strongly decoupled from each other, preferably through
directional devices to keep the power loss in reasonable limits.  Figure 4 shows the overall
structure of CERN linac 2.  Each chain receives its input signal via a directional coupler of
20 dB coupling and 40 dB directivity, such that the effective separation is as high as 60 dB.
The phase reference line is running in along the tanks, with couplers mounted in close
proximity to the outputs of the return loops.  The two cables carrying respectively the reference
and the return signals are of the same type, tied and laid together so that a common variation in
length due to temperature differences will not influence the phasing of the resonator.
The power stages for Tanks 2 and 3 deserve special mention since there are two identical
amplifiers with separate feeder lines and coupling loops to work into a single tank.  This
configuration has been chosen in order to provide two feed points into the relatively long tanks
and to improve this way the inter-tank transient conditions under heavy beam loading.  From a
purely RF-plumbing point of view the two amplifiers could also have been connected to the
tank by a dedicated combiner, as explained in section 5.4 below.  
Figure 5 gives an impression of the physical layout of such a chain:
 Fig. 4 RF system of CERN linac 2
Fig. 5  Physical layout of the RF chain for tank 2 in CERN linac 2
– The four racks at the left contain respectively:  the computer interface and a HV supply for
the pre-predriver;  low-level circuitry, servos and the pre-prediver amplifier itself (5 kW);
the HV power supply for the prediver; the prediver (50 kW).
– the three cylinders to the right are the covers of identical triode power amplifiers used as
driver and composite final stage for tank 2.  The height of these amplifiers is over three
meters, their lower part extends into a service gallery that also contains the infrastructure
(water supplies, blowers etc.) as well as the RF feeder lines and high-power phase
shifters (trombones).
– the enclosure against the right wall contains the HV modulator for the final stages which
is implemented as a pulse-forming network discharged by an ignition.
The layouts for tanks 1 and 3 are similar.  Buncher and debuncher chains consist only of
the four standard racks since the power delivered by the "predriver" is sufficient to power the
corresponding resonators.
5 . SPECIAL TOPICS
Now that a general picture has been obtained some special topics can be discussed that
influence the performance of the RF system.
5 . 1 Limits of the regulation systems
5.1.1  Loop delay
We consider as approximation a servo system with a single time constant, together with
an overall time delay t delay  (caused by amplifiers, RF feeder lines, structure, return cable etc.).
The only limit on servo performance is then the overall loop delay t delay.  It is well known from
the theory of servomechanisms that a certain "phase margin" is needed at the unity-gain
frequency to assure satisfactory transient behaviour and to avoid instabilities.  Assuming a
permissible phase margin of 45˚, the total phase at unity gain frequency must not exceed
(180 - 45) = 135˚ from which 90˚ are already reserved for the 6db/octave "rolloff" from the
leading time constant (the cavity in most cases).  In other words the unity-gain frequency fug is
limited to a value where the delay contributes no more than about 45˚, i.e. since
f ug * τdelay * 360 = 45
f ug < 1 / 8 * τdelay( )  .
Knowing fug one can derive t servo, the servo time constant after which a step perturbation is
reduced by a factor of e = 2.718.  Theory of the simple model then predicts
τservo = 1 / 2 * pi * f ug( ) = 8 * τdelay / 2 * pi( ) ≅ 1.3* τdelay .
Hence the servo time constant is always somewhat longer than the overall delay in the loop, a
result that is also intuitively evident.
5.1.2  Cross coupling of servos
Phase and amplitude servos are not independent as can be seen in the phasor diagram
Fig. 6a (left).  The two components of the gap voltage, induced by amplifier and beam, are
presented in the same form as earlier in Fig. 2.  Suppose that a test signal is injected in the
amplitude loop so that  the voltage Uamp  generated by the amplifier is (slowly) varied with
Fig. 6  Cross-coupling of servos
constant phase.  The resulting gap voltage Uge will however not only have a component in
amplitude D A' but also in phase D ϕ ';  an unwanted return signal will therefore be seen in the
phase servo.
Similarly, a pure phase variation of the RF drive as in Fig. 5b (right) will lead to wanted
phase component D ϕ "  together with unwanted cross-coupling amplitude component D A".
Another source of cross coupling of amplitude and phase is inherent in most high power
amplifiers due to non-linearities.
Since both servos have to react equally quickly they need similar cut-off frequencies.
Cross-coupling introduces additional phase shifts at these critical spots with the result that the
achievable frequency limit for both servos combined is much lower than for one servo alone.
The tuning servo, as the third element in the regulation system can fortunately be designed for
significantly slower response since it has only to cope with temperature drifts or air pressure
variations.  Its crossover frequency is therefore much lower and will not interfere with the fast
systems.
5.1.3  Non-linearities in the RF chain
All power amplifiers have a tendency to saturate at the upper end of their operating range
i.e. their differential amplification is reduced or may even change sign.  The loop amplification
of the amplitude servo varies accordingly.  Despite linearization circuits in the feedback
controller there remains a residual effect that sets an upper limit to the applicable loop gain.
5.1.4  Overall performance of the servomechanisms
Due to the effects described above, the practical performance of the servomechanisms is
an order of magnitude lower than the theoretical limit set by the loop delay alone.  Typical loop
gains are in the range of 20 – 40 dB, together with time constants of the order of microseconds.
This leads to operating precision of about 1% in amplitude and 1˚ in phase even under heavy
beam loading.
5 . 2 Choice of RF power source
It has been seen that the RF system of a linac is comprised of a number of individual RF
chains of very different output power requirements.  It is then useful to keep the same basic
structure (like interlocks, computer controls, servomechanisms, etc.) for all these individual
chains and provide a set of modular amplifier blocks that are combined to provide the necessary
output power.  A short overview of industrial power amplifier elements is presented in Fig. 7.
Legal power limits for different TV and broadcast services are also indicated since industry
Fig. 7  Approximate RF average power limits of different active devices (source: VALVO
catalogue)
designs the main line of readily available off-the-shelf components within these limits.  Letter
codes for main radar bands have been added since related equipment is and was the
crystallisation point for many linac RF systems.  It may be worth remembering that the very
widespread operating frequency of 202.56 MHz had initially been chosen because of the
availability of surplus World War II radar components.  
Some comments on the different amplifier categories:
5.2.1  Semiconductors
The "Transistor amplifier limit" is a quickly moving target since semiconductor amplifiers
with bipolar or FET-devices are in constant progress.  They have replaced most of the tube
circuitry in all preamplifier stages and are gaining acceptance as final stages for certain
applications such as bunchers and debunchers.  From the point of view of circuit design they
are low-voltage, low-impedance, low-Q devices.
Semiconductor components are inherently unforgiving concerning overvoltages;  since
they are also quite sensitive to load conditions, they need adequate protection elements like
circulators which, however, make the amplifier an ideally-matched source.
Advantages:  compact and reliable packages with virtually no maintenance;  very wide
bandwidths possible.  
Disadvantages:  Tend to have high electrical delay times;  are radiation sensitive (less important
in linacs than in other accelerators).  
5.2.2  Tubes (Triodes and Tetrodes)
Tubes use a control grid to modulate the density of an internal electron beam which, after
acceleration, transmits its RF energy to the external load circuit.  Transit-time effects reduce the
effectiveness of grid control at high frequencies and mandate small system dimensions of
limited power carrying capability.  Tubes are the workhorse for linacs up to about 300 MHz.
Gains are moderate, about 10 – 15 dB per stage for triodes and up to 20 dB for tetrodes.  They
are generally run in "grounded-grid" configuration which reduces the gain but is the only
practical possibility to assure stability above a few MHz for triodes and above about 100 MHz
for tetrodes.  From the point of view of circuit design, tubes are high voltage, high impedance,
high-Q devices.
A typical tube circuit provides coaxial input and output resonators to tune out the tube
capacitances over a relatively small bandwidth.  The two resonators are often implemented in
"reentrant" configuration, i.e. they share one cylindrical metallic wall with inner/outer faces
assigned to inner/outer resonator (Fig. 8).  It is of course the skin effect that separates the two
circuits at RF frequencies although they are at DC, galvanically connected by the conducting
wall.
Advantage:  Relatively robust devices.  
Disadvantage:  Limited lifetime of the active elements, need regular maintenance.
Fig. 8  Structure of a triode amplifier
5.2.3  Klystrons
Klystrons are the active elements of choice for the higher linac frequency bands.  They
overcome the limits of gridded tubes by the use of velocity modulation (rather than density
modulation).  The internal electron beam is initially directed through a pillbox-type cavity where
its velocity is modulated with the frequency of the input signal.  After a certain drift space the
faster electrons overtake the slower ones and create regions of higher density.  Passive RF
cavities provided at these regions further enhance the beam structure by the self-induced electric
field.  The RF beam power is finally transferred to an internal RF cavity from where it is
extracted to the external load.
Klystrons are very high voltage, high-Q devices.  The long internal drift space of the
beam needs transverse focusing by solenoids or permanent magnets.  As the length of this drift
space increases with the RF wavelength there is a practical lower limit for the operating
frequency.  Figure 9 shows the "Klystron Skyline", the pictorial representation of the units
from one large European manufacturer.  Also shown is the largest commercially available
klystron, almost 6 m in length for operation at 200 MHz.  The large dimension has so far
hindered its use in low-frequency linacs.
Advantages of klystrons: High gain of 40 – 50 dB (about 10 dB per internal cavity).
High lifetime.  
Disadvantages:  Supply voltages of 100 – 200 kV necessitate special technology;  X-ray hazard
exists if not properly shielded;  pulsed high-power klystrons tend to be noisy electrically and
acoustically.  In general only moderate DC-to-RF conversion efficiency ~ 50%.
5.2.4  Other RF power sources.
The upper power limit in klystrons is ultimately determined by the output resonator.  Its
dimensions scale directly with the wavelength for a given cavity mode;  at higher frequencies
some critical part (usually the coupling slot) becomes breakdown-limited due to the small
dimensions involved.  Gyroklystrons, gyratrons and similar construction principles push this
limit upwards by the use of transverse rather than longitudinal extraction mechanisms which
allow larger cavity dimensions; their development is in full swing.
Two-beam accelerators first generate an auxiliary beam which runs in parallel with the
physics beam and serves as a distributed power source.  A prominent example for extremely
high operating frequency is the CERN CLIC proposal which is presented in section 6.3.
5 . 3 Amplifier matching and resonator transients
According to a well known theorem in circuit theory, maximum power transfer between
source and load occurs if their impedances are complex conjugate to each other.  This is
perfectly valid for low-level, linear circuitry but additional constraints of dynamic range have to
be considered at high power.  Take for example an amplifier for P = 100 kW whose tube as
active element presents 15 k W  internal (source) impedance and supports a maximum RF
voltage U = 10 kV.  15 kW  is the optimum load at low level, but only up to the output voltage
limit of 10 kV corresponding to 5 kW.  Beyond this point the load impedance has to be reduced
to avoid saturation and sparking;  full power can only be achieved at a load impedance of
U2/(2*P)= 500 W  with drastically reduced amplification.
In virtually all active elements the optimal load resistance for maximum output power
differs by one or two orders of magnitude from the internal source resistance.  Looking back
from the feeder line into the amplifier, this internal source impedance appears at a voltage-
standing-wave ratio (VSWR) of 10 to 100.  It is assumed that the tube-to-feeder coupling is
arranged such that the optimal load for maximum output power corresponds to the characteristic
impedance of the line.
The load impedance of cavities and tanks is not constant but exhibits a sharp resonance in
the frequency domain.  It is customary to refer to cavity impedances at the "Detuned Short"
(DS) plane of the feeder line.  This has been implicitly been done in Fig. 1.  The input
impedance begins and ends at 0 W  for the fully detuned cavity, and describes the well known
Fig. 9  The 'klystron skyline' of one European manufacturer
circle going through the center of the Smith-diagram for perfect match at the resonance
frequency (Fig. 10).
Fig. 10  Influence of the line length between amplifier and cavity:  maxi Q/mini Q
Fourier transform allows one to derive the behaviour in the time domain for transient
conditions, i.e. for abrupt switching-on of the cavity by a gated sinusoid at the resonance
frequency.  The apparent instantaneous cavity impedance is zero at the beginning, follows the
real axis, and finally stops at the steady-state resistance after several cavity time constants.
If the transformed source impedance is situated on this low-impedance part of the real
axis (Fig. 10 middle), then there is perfect match at least at one moment of the transient.  The
overall average power transfer during the filling phase is optimal and the fastest possible
risetime results.  In the frequency domain, the bandwidth is widest due to the strongest
damping of the resonator by the amplifier.  The term "Mini-Q" has been coined for this regime
 
 Inversely, if the transformed source impedance is on the high-impedance part of the real
axis, there is never a perfect match;  the average power transfer is worst; the risetime is slowest;
the bandwidth smallest.  This is designated as "Maxi-Q".  These two extreme cases represent
the only two points where the overall system is at "resonance", i.e. where the amplitude
response in the frequency domain peaks at the operating frequency and where there is no
beating in time domain.  These conditions should be set for best overall performance.  The
"Mini-Q" point is the preferred mode of operation, but is there is a tendency for amplifier
sparking in case of cavity breakdowns.  Therefore the more forgiving "Maxi-Q" mode has
sometimes to be set during conditioning.
It should be pointed out that the above qualitative description is strictly valid only for low-
level conditions.  Saturation effects modify more or less the behaviour at nominal operating
levels but the basic effects remain valid.  As a practical consequence, a high-power phase
shifter (trombone) is in general necessary between amplifier and cavity for the optimisation of
transient behaviour (and not to adjust the overall phase at an ill-conditioned spot as is
sometimes suspected).
Some generators, especially semiconductors and klystrons, have stringent requirements
for the load impedance that preclude the direct connection of a cavity in pulsed regime.  Non-
reciprocal ferrite devices such as circulators or insulators have to be provided in these cases to
absorb all load reflections.  The transient behaviour becomes then independent of feeder line
length.
5 . 4 RF plumbing
The RF feeder line between the power amplifier and the structure transports in general
considerable RF power and has to be designed with some precaution.  Except for very high
duty cycle it is the peak-pulse power rather than the average power that sets the limits.
In coaxial systems the support of the inner conductor is often the weakest spot.
Accumulation of dust and metallic particles, e.g. stemming from contact wear on phase shifters
(trombones), may substantially reduce the flashover rating in particular on horizontally oriented
disks.  The use of metallic l /4 stubs eliminates this problem altogether since there are no
insulating surfaces to be contaminated.  It is of course prudent to choose the largest line
diameter possible.  This is more an economic than a technical problem, since coaxial line
diameters of up to 300 mm having peak-power capabilities of tens of Megawatts can be used
around 200 MHz without problems from higher-order modes.  Contact erosion from RF
currents has been a problem at some machines, this is again alleviated by large diameters
resulting in lower current densities.  Pressurisation by air or SF6 is sometimes used to increase
the peak power capability, at least permanent venting with dry air is advisable as a preventive
measure.  This complicates the mechanical design since continuity of the air channel has to be
assured and excessive leaks avoided.
In waveguide systems the dimension of the feeder is in general predetermined by the
operating frequency.  Pressurisation or evacuation are the means to achieve high peak-power
capability;  sometimes both possibilities coexist.  The number of vacuum/gas windows, their
position with respect to voltage/current maxima under transient conditions, as well as particular
requirements of the elements to be interconnected have to be considered in the system layout.
Waveguide flanges have to be carefully assembled to avoid RF leakage.
5 . 5 Power combining and splitting
5.5.1  Direct combining
It may occur that a single generator cannot provide the required output power; power
combining using several sources is then a solution.  This method is the rule in semiconductor
amplifiers where a great number of individual, identical output stages are working together in
one common output.  Another example is a 200 MHz RF installation at CERN, delivering
1 MW continuous power combined from 32 commercially available TV transmitters.
Conversely, one large klystron may be able to feed several accelerating sections;  power
splitting is then the answer.  This is the case in most electron machines.
The preferred basic building block for both power combining and splitting is some
directional device in the form of a "bridge transformer", "directional coupler", "magic tee",
"decoupled junction" etc. which exists in many coaxial or waveguide variants.  If correctly
imbedded in the circuit they can either provide virtual independence between the individual
sources or loads, or can implement matched source or load conditions even if assembled from
fully reflecting devices.  One or several absorbers (also called terminations or loads) are
necessary to annihilate the unwanted reflections.  Detailed descriptions can be found in
microwave textbooks;  practical examples are given below in the paragraph describing other
machines.
5.5.2  Pulse compression
The majority of Linacs are used at the relatively low duty cycle of a few per mil or per
cent, where the generators are operated up to the permissible peak power but may still have
considerable reserves in terms of average power (i.e. pulse length).  One approach is then to
generate a longer pulse than ultimately needed and compress it in time, thus trading excess
pulse length for additional peak power.  An original scheme to achieve pulse compression in
accelerator environment was devised by Z.D. Farkas at SLAC under the name of SLED, a
scheme now in widespread use in many Linacs under different names.
Its function is best explained by a DC analogy (see Fig. 11):  Imagine a DC generator
charging a capacitor.  Reversing the polarity between generator and capacitor, in other words
changing the generator phase by 180˚, provokes a transient whose peak amplitude can attain
many times the current available from the generator alone.
Fig. 11  RF pulse compression by the SLED principle
The conversion of this principle to RF uses high-Q resonators instead of a capacitor as
energy storage elements.  To avoid the main problem of reflections back into the generator a
balanced scheme with two resonators is used.  A 3-dB directional coupler serves as connecting
element such that all reflections emanating symmetrically from the two resonators are added at
the output to the accelerating section but  cancelled at the generator port.  Both resonators are
first filled by the generator whose phase is then switched by 180˚ to initiate the transient of
multiple amplitude; this transient appears again only at the output port.  The amount of energy
gain depends mainly on the ratio between cavity and structure time constants and is typically
between a factor of two and four.
6 . FURTHER EXAMPLES OF LINAC RF SYSTEMS
6 . 1 LIL
LIL is the acronym for the LEP Injector Linacs providing 500 MeV electrons and
positrons for LEP, the world's largest accelerator (27.2 km ring circumference).  The RF
system is typical for electron machines, with high RF frequency (2998.55 MHz), short pulse
length (4.5 microseconds) and relatively high pulse rate (100 Hz).
Figure 12 shows the overall structure:  A phase reference line working at high power
feeds six active klystron lines through directional couplers, via amplitude and phase control
circuitry.  Due to the high gain of the klystrons no intermediate amplifier stages are necessary;
on the other hand, their strongly non-linear characteristics together with the short RF pulse
length and the delay time in the travelling-wave structure precludes fast closed-loop control.
Fig. 12  Overall structure and RF networks of LIL
The first RF line (MDK 03) feeds standing-wave prebuncher and buncher cavities
exhibiting a sizeable transient;  the klystron is therefore protected from load reflections by a
circulator.  The following lines (MDK 13, 25, 27, 31, 35) are in principle designed for the
pulse compression scheme, even though lines MDK25 and 35 are only prepared for, but not yet
equipped with, the device.  SLED has by the way been rebaptised LIPS (LIL Power Saver) in
the CERN environment.  Since the accelerating structure is of the travelling-wave type with
relatively large bandwidth, the transient is sufficiently  mild that these klystrons can be
connected directly without circulator.  A single klystron feeds two or four segments of the
accelerating structure;  the RF power is distributed in "canonical" way, i.e. by sets of 3-dB
couplers arranged in N layers with 2N output ports of equal power (here N = 1 or 2, for two or
four outputs).  Figure 13 shows the klystron and Table 1 its characteristics.
Fig. 13  Valvo 3-GHz for LIL.  Upper part:  RF output above drift tube surrounded by
focusing solenoid (X-ray shield removed).  Lower part:  klystron cathode with filament
transformer (normally immersed in tank with insulating oil).
Table 1
Main electrical characteristics of Thomson TH 2094 or Valvo YK 1600 klystrons
Peak output power 35 MW
Duration RF output pulse (max.) 4.5 m s
Repetition frequency 100 Hz
Peak beam voltage 285 kV
RF drive power 250 W
Efficiency 45 %
6 . 2 TESLA
The object of the TESLA study is the proposal for a superconducting linear collider with
the highest accelerating gradient that can be obtained with present-day technology.  Figure 14
shows a schematic diagram for the proposed test facility (TTF) consisting of two cryo units.
Each cryo unit carries eight cavities which in turn comprise nine RF cells fed by a common
power coupler.  A single klystron is foreseen as RF source, its power has to be equally
distributed to the 16 cavities that form the load.  Due to their very high Q a circulator is
mandatory to assure acceptable loading conditions to the klystron.  The machine will work in L-
band at 1300 MHz;  this frequency is unusual for accelerators but heavily used for long-range
radar so that high-power components are available.  The klystron is provided by Thomson, a
major European manufacturer.  Its data are given in Table 2.
Fig. 14  Layout of the RF distribution in the Tesla Test Facility (TTF).  One 5-MW klystron
feeds two cryo units.  (Source:  A. Gamp, report TESLA 93-43).
Table 2
Measured parameters of the TH 2104C klystron
Frequency 1300 MHz
Pulse length 547 m s
Repetition rate 40 Hz
Beam voltage 130 kV
Beam current 89 A
Perveance 1.94 10-6
Drive power 45 W peak
Output power 5.1 MW peak   102 kW average




The number of load points, 16, is the 4th power of two and would therefore permit a
four-layer "canonical" power distribution with 3-dB couplers as in the LIL machine.  Another
method is proposed instead that allows a much cleaner physical layout:  after one initial split
into two branches by a "magic tee" the power is further distributed by in-line directional
couplers that run along the accelerating structure similar to a phase reference line.  A minor
disadvantage of this approach is the necessity of couplers with unequal coupling factors, which
can however be easily implemented considering the very small bandwidth required.  
6 . 3 CLIC
A radically different way to create the required RF power is used in CLIC (CERN Linear
Collider), a CERN proposal for the next generation of linear colliders.  There are strong
arguments in favour of  increasing the operating frequency for such machines:  firstly, the
permissible gradient increases with the frequency according to Kilpatrick's sparking criterion;
secondly, for fixed total voltage and length, the average RF power consumption for copper
structures at room temperature scales as 1/f2.  Arguments against high frequency include
undesirable wake-field effects and alignment difficulties due to the small dimensions involved.
The frequency of 30 GHz is proposed as a compromise on the high side of the spectrum.  The
required RF power is as high as 40 MW per accelerating segment.
Standard generator tubes are ruled out as energy sources at this frequency, but the two-
beam accelerator approach is a valid alternative (Fig. 15).  A high-intensity, low-energy drive
beam of very short bunches is generated in a dedicated drive linac, transported in parallel to the
main structure and used as distributed energy source.  Transfer units extract 30 GHz energy for
the accelerating structure proper at regular intervals.  In some project versions for a long
collider, superconducting reacceleration units are foreseen to restore the average energy lost
after several hundred segments.  This assembly is equivalent to a conventional RF system in its
function as power source.
Fig. 15  Principle of two-beam accelerator (CLIC).
The low-intensity, high-energy physics beam is accelerated in a conventional structure
consisting of segments of 84 iris-loaded accelerating cells.  Waveguides connect the two parts
as shown in Fig. 16.  A prototype of the accelerating structure installed at the CERN test facility
CLIC has already achieved the nominal accelerating gradient (73 MV/m average, 103 MV/m
peak).
CONCLUSIONS
RF systems for linacs come in a large variety of structures.  Their output power is
generally pushed to the maximum limit feasible by state-of-the-art RF technology, with a
general trend towards higher frequencies.  Extensive closed-loop control is applied wherever
component characteristics and signal time delays permit.
Fig. 16  Proposed layout of CLIC.  One transfer structure of the drive beam (rear) feeds two
accelerating structures for the main beam (front).
*     *     *
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